ABSTRACT: Major depressive disorder (MDD) is one of the most common neuropsychiatric disorders affecting over one-fifth of the population worldwide. Owing to our limited understanding of the pathophysiology of MDD, the quest for finding novel antidepressant drug targets is severely impeded. Monoamine hypothesis of MDD provides a robust theoretical framework, forming the core of a large jigsaw puzzle, around which we must look for the vital missing pieces. Growing evidence suggests that the glial loss observed in key regions of the limbic system in depressed patients, at least partly, accounts for the structural and cognitive manifestations of MDD. Studies in animal models have subsequently hinted at the possibility that the glial atrophy may play a causative role in the precipitation of depressive symptoms. Antidepressants as well as monoamine neurotransmitters exert profound effects on the gene expression and metabolism in astrocytes. This raises an intriguing possibility that the astrocytes may play a central role alongside neurons in the behavioral effects of antidepressant drugs. In this article, we discuss the gene expression and metabolic changes brought about by antidepressants in astrocytes, which could be of relevance to synaptic plasticity and behavioral effects of antidepressant treatments.
Introduction
Major depressive disorder (MDD) is a complex neuropsychiatric illness characterized by diverse neuropathological and physiological symptoms, involving a broad array of neuronal circuits. 1 Prolonged exposure to stress can precipitate into depression in the individuals who are predisposed to stressrelated mental illnesses. However, the predisposing factors as well as the mechanisms underlying the pathophysiology of these disorders are yet to be well-understood. Brain imaging studies have revealed marked structural changes in several brain regions in patients having stress-related neuropsychiatric illnesses. Most notable of these changes are severe volume reductions observed in the hippocampus and medial prefrontal cortex (mPFC), particularly in MDD. [2] [3] [4] Although neuronal atrophy has been thought to underlie the structural and cognitive manifestations of MDD, 4 growing evidence supports a major role for loss of nonneuronal (glial) cells in the cognitive dysfunction observed in stress-related disorders. [5] [6] [7] [8] [9] [10] [11] Studies in postmortem brain samples from depressed patients have shown lowered density and number of glial cells in cortical regions, most prominently in prefrontal and cingulate areas. 6, 7, 12 The density of astrocytes, the major glial cell type in the human brain, as measured by the glial fibrillary acidic protein immunopositivity, was found to be significantly lower selectively in the PFC of young patients with MDD. 7 In addition, expression of glial high-affinity glutamate transporters and glutamine synthetase is decreased in depressed patients. 13, 14 In agreement with a major role for the astrocyte dysfunction in MDD, pharmacologic ablation of astrocytes in the mPFC is sufficient to induce depressive-like symptoms in experimental rats. 9 Moreover, chronic administration of fluoxetine, a selective serotonin (5-HT) reuptake inhibitor (SSRI) reverses stressinduced decline in glial cell number in the hippocampus of tree shrews. 10 These results suggest that antidepressant-mediated changes in astrocytes may lie at the heart of their behavioral effects. However, the mechanism underlying the modulation of behavior by astrocytes is yet to be uncovered.
Despite being the most abundant cell type in the brain, 15 glial cells were assumed to be just the glue that held more important brain cells (neurons) together. 16 Over time, it has become clear that glia, and particularly astrocytes, are not the merely silent spectators of neuronal activity as once thought, but play a more active role in brain function. 16 Molecules secreted by astrocytes have been shown to be essential for neuronal survival, neurite outgrowth, and synaptogenesis during development. 17 Astrocytes also provide trophic and metabolic support to neurons, which is essential for their normal functioning. 17 Moreover, astrocytes are closely associated with synaptic compartments in the adult brain and their proximity to synapses and calcium signaling in perisynaptic astrocytic processes (PAPs) seems to be a function of neuronal activity and plasticity. 18 Astrocytes can sense the neurotransmitter release 2 
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in the synaptic cleft through the neurotransmitter receptors and transporters expressed at the PAPs and can secrete gliotransmitters in response, to modulate postsynaptic responses. 19 Astrocytes seem to be highly responsive to changes in extracellular monoamine concentrations, 20 and hence they can directly link the changes in synaptic monoamine release to synaptic plasticity. In this mini review, we aim to reconcile the data showing the effects of monoamine-mediated gene expression and metabolic changes, which may be relevant to the pathophysiology of MDD and to the behavioral effects of antidepressant drugs which act via monoamine system. With this article, we hope to integrate astrocytes in the classical monoamine hypothesis model, which will provide a theoretical framework to look for alternate drug targets influencing astrocyte-neuron interactions.
Classical Monoamine Hypothesis of Depression
Monoamine hypothesis of major depression was formulated almost half a century ago, 21 which stated that deficiency of monoamine neurotransmitters, namely, norepinephrine and/or serotonin, underlies clinical depression. 22 Although this hypothesis mainly originated from the mechanism of action of serendipitously discovered antidepressant drugs, it has resulted in the design of SSRI class of antidepressants that have proved quite useful in treating clinical depression. 23 However, classical antidepressant drugs of the classes SSRI (eg, fluoxetine), tricyclics (eg, imipramine, desipramine, and amitriptyline), monoamine oxidase inhibitors (eg, iproniazid) etc, that act via increasing central monoamine levels, are marred by various drawbacks such as delayed effects on behavior, low efficacy, and frequent relapse. 1 Although there seems to be a consensus on the notion that increased monoamine levels can alleviate depressive symptoms, 22 a fuller understanding of monoamine hypothesis and novel drug targets targeting the central monoamine system are under investigation.
Mechanisms Underlying Behavioral Effects of Antidepressant Drugs
It has become evident that there is no single isolated mechanism of action for antidepressant treatments and that the therapies must exert multipronged effects on various cellular and molecular systems to effectively alleviate the depressive symptoms. 1 The success of NMDA receptor (NMDAR) antagonists as effective and rapid-action antidepressant drugs has shown that excitatory synapses may be the prime targets for effective antidepressant action. 24 Indeed, antidepressant-like effects of ketamine rely on protein synthesis-dependent increase in new excitatory synapses and increased excitatory neurotransmission. 25 Furthermore, it was shown that acute treatment with an antidepressant imipramine enhances longterm potentiation (LTP). 26 Interestingly, induction of LTP within the dentate gyrus (DG) of the hippocampus by stimulating perforant pathway is sufficient to induce antidepressantlike behavioral effects in rats. 27 These results indicate that antidepressant drugs may have to aid the formation, stabilization, and potentiation of excitatory synapses to produce antidepressant-like effects.
Various classes of antidepressant drugs are known to enhance adult hippocampal neurogenesis. 28, 29 Adult hippocampal neurogenesis is a remarkable form of structural plasticity exhibited by adult mammalian brain, which involves birth, maturation, and integration of new neurons throughout adulthood. 30 Subgranular zone of the hippocampal DG harbors a neurogenic niche containing neural progenitor cells which keep giving rise to new neurons throughout life. 30 These neural progenitor cells and resulting newborn neurons seem to be highly responsive to monoamines and antidepressant drugs. 29 Intriguingly, enhancement of adult neurogenesis is necessary for behavioral effects of antidepressant drugs. 31 Adult hippocampal neurogenesis is a fairly protracted process encompassing progenitor proliferation, differentiation, maturation, and eventual integration of newly born neuron into the functional circuitry. 30 Hence, the delay involved in the onset of behavioral effects of chronic antidepressant treatment may be, at least partially, attributed to the time it takes for the newly born neurons to get integrated into the functional circuitry. In conclusion, the enhancement of adult hippocampal neurogenesis appears to be an integral aspect of antidepressant effects on behavior.
Finally, antidepressant drugs have been shown to increase the expression of various neurotrophic factors such as BDNF (brain-derived neurotrophic factor), 32 VEGF (vascular endothelial growth factor), 33 and VGF (nonacronymic). 34 These neurotrophic factors provide vital trophic support necessary for synapse stability and function. Furthermore, overexpression of each of these trophic factors produces antidepressant-like neurogenic and behavioral effects. [33] [34] [35] In this article, we will discuss the potential role astrocytes could play in aiding these different mechanisms of action of antidepressant drugs.
Monoamine Receptors and Transporters on Astrocytes
It is important to note that astrocytes express transporters for both norepinephrine (NET) 36 and serotonin (SERT), 37 which are the targets of several classical antidepressant drugs. This raises a possibility that antidepressants can have direct effects on astrocytes by blocking the reuptake of monoamines by astrocytes. Moreover, astrocytes abundantly express α 2A and β 1 adrenoreceptors, with α 1A expressed at much lower levels. 38 Astrocytes also express 5-HT 1A , 5-HT 2A , and 5-HT 2B receptors of serotonin, in addition to 5-HT 5A , which is a predominantly astrocyte-specific receptor. 39 Several studies have revealed that these receptors respond to physiologically relevant stimuli such as calcium influx and cyclic adenosine monophosphate (cAMP) concentrations, suggesting that these receptors could play an important role in antidepressant-mediated changes in monoamine concentrations.
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Neurotrophic Factors
It has long been accepted that astrocytes provide trophic support to neurons by secreting various trophic factors. Particularly, they have been shown to secrete BDNF, nerve growth factor (NGF), neurotrophin 3 (NT3), ciliary neurotrophic factor (CNTF), fibroblast growth factor 2 (FGF2), glial cell linederived neurotrophic factor (GDNF), insulin-like growth factor 1 (IGF-1), VGF, and VEGF. [40] [41] [42] [43] [44] Out of these, secretion of BDNF, VEGF, and VGF is regulated by monoamines and/or by antidepressant drugs that act via monoamine system. 45 Moreover, these are involved in regulating various aspects of depressive pathophysiology or antidepressant action. [33] [34] [35] In this section, we summarize the results showing the regulation of trophic factor expression by monoamines and their effects on synaptic plasticity.
Brain-Derived Neurotrophic Factor
Antidepressants are known to induce the expression of BDNF, which is essential for their behavioral effects. 32 Pyramidal neurons, but not interneurons, in rodent cerebral cortex and hippocampus express BDNF. 46, 47 Interestingly, fast-acting antidepressant treatments such as electroconvulsive therapy (ECT) 32 and a combination treatment of yohimbine, an alpha-2 noradrenergic receptor antagonist, and imipramine, a norepinephrine reuptake inhibitor (Y+I), 48 seem to increase the expression of BDNF transcripts in the inner molecular layer (ML) of DG. Although the subcellular localization of these transcripts is not very clear, it is interesting to note that the ML is enriched in astrocytes, and thus, at least a portion of those transcripts may be contributed by astrocytes. The ML of the DG harbors the perforant path terminals that form the inputs from entorhinal cortex to the DG, and the astrocytes present in ML are in a perfect position to modulate the entorhinal inputs to the hippocampus. Indeed, cultured astrocytes have also been shown to secrete BDNF in vitro. 45 Interestingly, a recent report suggests that chronic unpredictable mild stress decreases the expression of BDNF in hippocampal astrocytes and this is reversed by the administration of 3,5,6,7,8,3ʹ,4ʹ-heptamethoxyflavone, a compound present in citrus fruits that exerts antidepressant-like behavioral effects. 49 It would be interesting to study whether the BDNF expression induced by fast-acting antidepressant treatments such as ECT and Y+I is, at least in part, contributed by astrocytes. The SSRI antidepressants, namely, fluoxetine and paroxetine, 45 as well as TCAs, namely, imipramine and amitriptyline, 50, 51 induce BDNF overexpression in cultured primary astrocytes. Interestingly, overexpression of BDNF specifically in mouse hippocampal astrocytes is sufficient to induce neurogenesis and to produce anxiolytic behavior. 52 Hence, it is tempting to speculate that homeostatic secretion of BDNF by astrocytes may be necessary for mounting effective stress response and any dysregulation in astrocytic BDNF may precipitate into mood disorders.
It was shown that the BDNF induction by fluoxetine in vitro is not mimicked by application of serotonin, 45 suggesting that this phenomenon could be independent of the blockade of serotonin transporters. It is important to note that fluoxetine concentration builds up in the brain to about 1 to 25 µM during MDD treatment as measured by fluorine magnetic resonance spectroscopy. 53, 54 These concentrations are much higher than those required for serotonin reuptake inhibition at nerve terminals, where K i is only about 0.07 µM. 55 This suggests that the BDNF induction by fluoxetine may employ additional targets, possibly the inhibition of astrocytic inward rectifying potassium channels Kir4.1. 56 Astrocytic Kir4.1 channels regulate neuronal firing by spatial K + buffering. 57 Astrocytic Kir4.1 channels are blocked by antidepressants and it was recently shown that small interfering RNA-mediated knockdown of Kir4.1 channels in cultured astrocytes is sufficient to increase BDNF expression. 58 However, direct effects of monoamines through their receptors on BDNF expression in astrocytes may not be ruled out just yet. It is shown that dopamine as well as norepinephrine induces BDNF expression in cultured astrocytes. 59 The effects of dopamine are brought about by its cross-reactivity with norepinephrine receptors. 59 Hence, astrocytic norepinephrine receptors may cell autonomously induce BDNF secretion in response to norepinephrine-enhancing antidepressant drugs. Such mechanisms need more thorough investigation as they may lie at the heart of mechanism of action of antidepressant drugs.
One study found that the BDNF induction by norepinephrine or dopamine is brought about by β-noradrenergic receptors, whereas the α 1 receptors contribute to a much lesser extent 59 ; another study found that β as well as α 1 -noradrenergic receptors contributes to norepinephrine-mediated BDNF induction. 60 Moreover, activation of adenylate cyclase, protein kinase A (PKA) or protein kinase C (PKC) could mimic BDNF increase. 60 Hence, increased cAMP levels following β-adrenergic receptor stimulation could increase CRE-binding protein (CREB)-dependent BDNF transcription via activation of PKA. However, this hypothesis warrants a direct in vivo validation.
The BDNF secreted from astrocytes in response to chronic antidepressant treatments may help boost synaptic plasticity at the presynaptic terminals by increasing quantal neurotransmitter release, aiding vesicle docking and by increasing the expression of synaptic vesicle proteins. 61 Postsynaptically, BDNF may regulate actin polymerization at dendritic spines, 62 increase the expression and phosphorylation of NR2B subunits, 63, 64 and upregulate NR2A and NR1 protein levels. 64 In addition, BDNF secreted by astrocytes can boost adult hippocampal neurogenesis. 52 Such synaptic and structural plasticity events are necessary to induce long-lasting behavioral effects of antidepressant drugs, and astrocytic BDNF may play a vital role in these processes. 4 
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Vascular Endothelial Growth Factor
Vascular endothelial growth factor is an important regulator of the adult hippocampal neurogenesis. 33 It has been shown to enhance progenitor proliferation 33 and promote neurite outgrowth. 65 Moreover, VEGF also enhances synaptic plasticity by increasing LTP in the DG, whereas blockade of VEGF completely abolishes LTP, 66 suggesting that it is necessary for LTP induction under physiological conditions. Interestingly, VEGF has been shown to be necessary for neurogenic and behavioral effects of chronic antidepressant treatments. 33 Furthermore, chronic intracerebroventricular infusion of VEGF is sufficient to produce neurogenic and antidepressant-like behavioral effects showing that it is both necessary and sufficient to produce antidepressant action. 33 Cultured astrocytes upregulate the expression of VEGF in response to antidepressants such as fluoxetine, paroxetine, and amitriptyline. 45, 67 Intriguingly, lithium, a mood stabilizer used in the treatment of bipolar disorders, induces VEGF expression in the cortical astrocytes as well. 68 Together, these results indicate that astrocyte-derived VEGF may be an important contributor to the enhancement of synaptic plasticity, adult hippocampal neurogenesis, and behavioral effects of chronic antidepressant treatments.
VGF
VGF, a secreted neuropeptide, is a key modulator of depressive-like behavior. VGF levels are downregulated in animal models of depression and are upregulated by various antidepressant treatments in rat hippocampus. 34 Interestingly, hippocampal infusions of VGF produce antidepressant-like behavioral phenotype in experimental animals. 34 Moreover, VGF +/− heterozygous mice that have reduced levels of VGF expression show depressive-like behavior. 69 VGF has been shown to enhance proliferation of adult hippocampal progenitors, 34 suggesting that neurogenesis may contribute to its antidepressant-like effects. VGF also increases dendritic growth, 70 suggesting that VGF may even reverse the volumetric loss seen in MDD. It has been shown that fluoxetine and paroxetine increase VGF expression in cultured mouse astrocytes. 45 These results must be verified in vivo; nevertheless, they do indicate that astrocytic VGF may contribute to the neurogenic and behavioral effects of chronic antidepressant treatments.
It is interesting to note that serotonin on its own does not mimic the effects of fluoxetine on astrocytic VEGF and VGF levels, suggesting that these may also be brought about by additional targets such as Kir4.1. However, any such possible links need further investigation. Alternatively, BDNF by itself is shown to upregulate the expression of VEGF 71 and VGF. 72 Thus, antidepressants and monoamines may directly affect BDNF levels, which can in turn induce VEGF and VGF expression, thus acting as a master regulator of trophic support provided by astrocyte.
FGF2
FGF2 regulates neurogenesis and is known to be involved in pathophysiology of depression as well as in antidepressant action. Postmortem analysis in depressed patients has revealed decreased expression of FGF2 in the hippocampus and prefrontal areas. 73 Interestingly, FGF2 overexpression has been shown to be sufficient to elicit antidepressant-like effects in various animal and cellular models. 74, 75 Desipramine and fluoxetine upregulated FGF2 expression both in neurons and in astrocytes 76 suggesting that astrocytic FGF2 can contribute to their neurogenic and behavioral effects. Whether antidepressants can directly act on astrocytes to induce FGF2 expression is debatable as FGF2 upregulation has been observed in cultured astrocytes with amitriptyline, clomipramine, fluvoxamine, and duloxetine, 67 whereas no such upregulation was observed with fluoxetine, paroxetine, imipramine, and desipramine. 45 Hence, it is plausible that this regulation is brought about through off-target effects independent of monoamine system. Indeed, FGF2 induction by amitriptyline is not mediated via α 1 or β-noradrenergic receptors. 67 Hence, more work is needed to assess whether FGF2 can contribute to astrocyte mediated behavioral effects of antidepressants.
Effects of Monoamines and Antidepressants on Metabolism in Astrocytes
Astrocytes provide metabolic support to neurons. In the events of elevated neuronal activity, astrocytes increase their glucose uptake and convert it to lactate which is used by neurons to derive energy. 77, 78 In addition, astrocytes also contain glycogen reserves, which can be mobilized in a process known as glycogenolysis, to obtain additional glucose to be metabolized. 79 Interestingly, it has been recently shown that astrocyte-derived lactate is not just an energy metabolite but also plays an important role in synaptic plasticity. 77, 80 In addition, peripheral administration of lactate also exerts antidepressant-like behavioral effects. 81 These behavioral effects of lactate may be brought about by its ability to increase plasticity at the excitatory synapses. Indeed, lactate is known to potentiate NMDAR currents, promote LTP, and induce expression of plasticity genes such c-Fos and BDNF. 80, 82 It has been shown that noradrenaline, serotonin, as well as antidepressant fluoxetine and paroxetine decrease glycogen levels in astrocytes indicating that they induce glycogenolysis. 45, 83 The glycogenolytic effects of norepinephrine are brought about mainly by β-adrenoreceptors, although α 2 -adrenoreceptors also contribute to some extent. 84 A complete inhibition of norepinephrineinduced glycogenolysis can only be achieved by simultaneous inhibition of β-and α 2 -adrenoreceptors. 84 Glycogenolysis results in increased glycolytic drive in astrocytes, which in turn could provide antidepressant-like effects by stimulating extracellular secretion of lactate. These results indicate that glycogenolysis and subsequent lactate release stimulated by certain antidepressant drugs may play an important role in their behavioral effects.
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Concluding Remarks
There is plenty of evidence suggesting a direct role for astrocytes in pathophysiology of depression and in antidepressant effects. Here, we formulate a theoretical model based on published literature, which incorporates astrocytes into the classical monoamine hypothesis for antidepressant action (Figure 1) . Stimulation of β-adrenoreceptors by norepinephrine activates the cAMP/PKA pathway to activate CREB signaling. This is known to result in increased BDNF transcription. Increased BDNF may in turn increase the expression of VEGF and VGF. Various antidepressants through yet unknown mechanisms also mediate increased expression of trophic factors such as BDNF, VEGF and VGF in astrocytes. These trophic factors are known to produce antidepressant-like effects, at least in part, by enhancing adult hippocampal neurogenesis. Brain-derived neurotrophic factor is known to promote excitatory synaptic transmission by various mechanisms including dendritic growth and synaptogenesis, aiding in neurotransmitter vesicle docking, phosphorylation of NR2B subunit of the NMDARs, actin polymerization at the postsynapses and promoting LTP. Increased excitatory synaptic transmission is crucial for antidepressant's behavioral effects and has been proposed as an important mediator of rapid antidepressant-like effects of NMDAR antagonists. Taken together, we postulate that astrocytes play an integral part in mediating the behavioral effects of antidepressant drugs, mainly by releasing plasticity-enhancing growth factors. The role of astrocytes in modulating depressive-like behavior needs more thorough investigation to improve our understanding of the monoamine system in pathophysiology of depression.
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Swananda V Marathe https://orcid.org/0000-0002-2539-366X Figure 1 . A schematic representation showing effects of monoamines and antidepressants on astrocytes, which are relevant to their antidepressant action. Classical antidepressants lead to increase in synaptic concentrations of monoamines, depicted here is norepinephrine (1) . Activation of β-adrenoreceptors by norepinephrine can lead to upregulation of CREB-mediated transcription through adenylyl cyclase/PKA activation (2) . This increases the expression of BDNF (3), which can, in turn, increase the expression of other trophic factors, namely, VGF and VEGF. Antidepressant may also increase trophic factor expression in astrocytes through yet unknown mechanisms (4). For instance, antidepressants are known to decrease the activity of an inward rectifying potassium channel (Kir4.1) (5), and a decrease in Kir4.1 activity or expression decreases BDNF expression (6). These trophic factors can then enhance adult hippocampal neurogenesis, thus aiding the behavioral effects of chronic antidepressant treatments (7) . BDNF also enhances excitatory transmission by increasing vesicle docking and enhancing quantal release from glutamatergic presynaptic terminals (8) . Trophic factors also enhance excitatory postsynaptic responses through various mechanisms (9) . BDNF increases the expression of various NMDA receptor subunits and mediates the phosphorylation of NR2B. It is also known to enhance actin polymerization. In addition, both BDNF and VEGF are known to promote LTP. Moreover, BDNF and VGF mediate dendritic outgrowth which can rescue volumetric loss observed in depressive disorders. Norepinephrine and several antidepressants are also shown to induce breakdown of glycogen through α 2 -and β-adrenoreceptors in astrocytes (a). This results in increase in glycolytic activity and production and secretion of lactate by astrocytes (b). Lactate, apart from acting as an energy substrate in neurons, is also known to increase NMDA currents, LTP, and plasticity-related gene expression, including expression of BDNF (c). BDNF indicates brain-derived neurotrophic factor; CREB, CRE-binding protein; LTP, long-term potentiation; PKA, protein kinase A; VEGF, vascular endothelial growth factor.
